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157] ABSTRACT

The density of a decaying plasma in an electrically
conducting enclosure is determined by applying an ex-
citation to the cavity formed by the enclosure and
counting digitally the number of resonant frequencies
traversed by the combination of the cavity and the de-
caying plasma.

S Claims, 4 Drawing Figures
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PLASMA DIGITAL DENSITY_ DETERMINING
DEVICE

CONTRACTUAL ORIGIN OF THE INVENTION

"The in#ention described herein was made in the
course of, or under, a contract with the UNITED

STATES ENERGY RESEARCH AND DEVELOP-
'MENT ADMINISTRATION. .

BACKGROUND OF THE IN_VENTION

One of the most important properties of a plasma is
its density. While this density is in general a point func-
tion, it is often adequate to obtain a measure of the
density by measuring the average plasma density over a
volume. This information is useful where the plasma is
uniform in density over the volume or where the den-
sity profile over the volume is known by other means.

5
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Reliable measurements also require that the method 20

used to measure density not perturb the density in the
course of measurement. This is especially critical in
determining the properties of low-density plasmas
which are taken to be plasmas less than 103 particles

per cubic centimeter or 10 particles per cubic meter. 23

Plasmas in this density range are conveniently mea-
sured by several well-known microwave techniques.
These include the fundamental-mode method and the

microwave interferometer. In the fundamental-mode

method a known cavity shape, a known microwave 30

excitation frequency and a knowledge of the density

profile of the plasma in the cavity are combined to

determine plasma density from the shift of the resonant
frequency of the fundamental mode. This method re-

quires precise determination of the frequency shift. 35

The microwave “interferometer measures the average
value of density by measuring the change in transmis-
sion properties along a line of propagation of a measur-
ing microwave field, but has the disadvantage of requir-

ing high precision of frequency stability and good colli- 40

mation of the microwave beam to avoid exciting cavity

resonances that would interfere with the measurement.
It 1s an object of the present invention to provide a

better means of measuring the density of a plasma.

It is a further object of the present invention to pro- 43

vide a means of measuring plasma density without per-
turbmg the plasma.

[t is a further object of the present invention to pro-
vide a means of measuring the density of a plasma

without regard to the shape of the enclosure in which >0

the plasma 1S contained.

It is a further object of the present invention to pro-
vide a means of measuring the density of a plasma with
a frequency source of ordinary frequency stability.

Other objects will become apparent in the course of 33

a Jetailed description of the invention.

SUMMARY OF THE INVENTION

The average density of a decaying plasma in a micro-

wave cavity large enough to support several resonant 60

modes 1s determined by filling the cavity with micro-
wave radiation and counting digitally the modes ex-
cited to resonance by thc microwave radiation as the
plasma is permitted to decay.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are an overall ‘block dlagram of the
apparatus of the present invention.
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FIG. 3 1s a copy of an oscillogram obtained in making
measurements with the apparatus of FIGS. 1 and 2.
- FIG. 4 is a comparison of results obtained with the
apparatus of FIGS. 1 and 2 with those obtained by a
Langmuir probe.

DESCRIPTION OF THE PREFERRED
| EMBODIMENT -

FIGS. 1 and 2 together comprise an overall block
diagram of an apparatus for the practice of the present
invention. In FIG. 1 mode generator 4 generates a
number of resonant responses as the plasma within it
decays and the resultant changes in the plasma reso-

nant frequency couple to various cavity modes. Digital

minimax detector 6 is connected to mode generator 4
to detect the number of minima or maxima in the re-
sponse and thus the detected number of modes tra-
versed. Display 8 makes the number of detected modes
visible to an observer who can determine plasma den-
sity therefrom. Mode generator 4 comprises cavity 10,
plasma 12, microwave source 14, receiving antenna 16,
detector 18, and preamplifier 20. Cavity 10 is entirely
or partly filled with plasma 12, the density of which is
to be measured. Microwave source 14 1s connected
electrically to cavity 10 to couple thereto electromag-
netic energy at a conveniently chosen microwave fre-
quency. The microwave energy from microwave source
14 is caused to propagate in and resonate within cavity
10 and is received by receiving antenna 16. As will be
seen, the properties of plasma 12 affect the resonant
propertles of cavity 10 and hence the prOpagatmn of
the microwave energy from microwave source 14 to
receiving antenna 16 in a way that provides a measure
of the properties of the plasma. Detector'18, typically a
microwave diode, responds to the amplitude of the
microwave signal received by receiving antenna '16.
The output of detector 18 is coupled to preamplifier
20, typically a low-noise preamplifier, and the ampli-
fied signal from preamplifier 20.is coupled to minimax
detector 6. The signal leaving amplifier 20 is an analog
signal that is applied to sample-and-hold unit 22, the
purpose of which is to select the present level of the
output signal from preamplifier 20 and-hold that level
for a period long enough to permit analog-to-digital
conversion of the output of sample-and-hold-unit 22.
This 1s accomplished in digital minimax detector 6,
shown in detail in FIG. 2, which comprises the follow-
ing electronic units. Sample-and-hold unit 22 has al-
ready been described. Analog-to-digital converter 24
receives the output of samplc-and-hold unit 22 and
generates therefrom two output signals, an end-of-con-
version (EOC) signal and a digital equivalent signal.
The digital equivalent signal is applied to a latch 26 and
as a first comparison input to a digital comparator 28.
At the end of each comparison the output of the latch
26 1s loaded into up-down counter 30 under the control
of a delayed EOC signal from analog-to-digital con-

~verter 24. The EOC signal is thrice delayed, through

first time delay 32, second-time delay 34, and third time
delay 36, then coupled through a connection to the
load terminal of up-down counter 30. Digital compara-
tor 28 receives as a second comparison input the out-
put of up-down counter 30 and compares that output
with the first comparison input from analog-to-digital
converter 24. If the present value of the digital equiva-
lent signal,-the first comparison input, is greater than
the value stored in up-down counter 30, the second
comparison mput, then up-down counter 30 is counted



3.952.246

3
up one count. This is accomplished by gating the great-
er-than output of digital comparator 28 and a once
delaycd EOC signal, the output of first time delay 32,

through first AND gate 38 to up-down counter 30. If
the present value of the digital equivalent signal is less

than the value stored in up-down counter 30, then
up-down counter 30 1s counted down one count. This is
accomplished by gating the less-than output of digital
comparator 28 and the output of first time delay 32
through second AND gate 40 to up-down counter 30.

The present value of the digital equivalent signal
- from analog-to-digital converter 24 is next compared in
comparator 28 to the present value of the output of
up-down counter 30. If the present value of the digital
equivalent signal i1s greater than the output of up-down
counter 30, a signal is supplied to first NAND gate 42,
which also receives as an input a twice-delayed EOC
signal from second time delay 34. The output of first
NAND gate 42 is connected to the clear input to flip-
flop 44, to clear flip-flop 44 when the present value of
the digital equivalent signal is greater than the output
of up-down counter 30. If the present value of the
digital equivalent signal is less than the output of up-
down counter 30, a signal is supplied to second NAND
gate 46, which also receives as an input the twice-
delayed EOC signal from second time delay 34. The
output of second NAND gate 46 is connected to the
preset input of flip-flop 44. The outputs of NAND gates
42 and 46 are also connected as inputs to third NAND
gate 48, so that if either the preset or the clear input of
flip-flop 44 receives a signal, latch 26 receives an out-
put signal as.a clock input from third NAND gate 48.
This causes latch 26 to be loaded with the present value
of the digital equivalent signal from analog-to-digital
converter 24. If neither input to flip-flop 44 receives a
signal, latch 26 retains its present value without
change. The up-down counter 30 is then caused by the
thrice-delayed EOC signal from third time delay 36 to
assume the signal of the present value of latch 26.

The result of the foregoing sequence of operations is
that:a digital equivalent signal indicating an increasing
output of analog-to-digital converter 24 is coupled to
flip-flop 44 only if the digital equivalent signal has
increased by at least twice the value of the least signifi-
cant bit of analog-to-digital converter 24. Similarly, a
~ digital equivalent signal representing a decreasing out-
put of analog-to-digital converter 24 is coupled to flip-
flop 44 only if the digital equivalent signal has de-
creased by at least twice the value of the least signifi-
cant bit. This reduces the sensitivity of the system to
noise during intervals when the output of analog-to-
digital converter 24 is essentially constant or varying
very slowly. This completes the description of digital
minimax detector 6.

The output of flip-flop 44 is coupled to display 8,
comprising a charge pump 54 to provide an analog
indication on analog indicator 55 of the number of
peaks detected and also a counter 56 which receives
the output of flip-flop 44 as an input and provides as an
output a count of the number of peaks detected. This
count 1s displayed on dlgltd] dl‘ip]dy 58, which com-
pletes display 8.
~ Operation of the circuit of FIGS. 1 and 2 is as follows:
suppose the existence of a homogeneous collisionless
plasma 12 in cavity 10. Suppose further that any ap-
plied excitation is at a frequency above the electron
plasma radian frequency ne*/me,. This-plasma will af-
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4
fect the permittivity of the region it occupies in the
cavity according to the followmg relation:

€ = €, — netfmw?

- In these expressmm, € is the permlttwlty of the plasma,

€, i$ the permittivity of free space, n is the plasma den-
sity, e is the electronic charge, m is the electronic mass,
and w'1s the radian frequency of excitation. It can be
secn from this expression-that when the excitation fre-
quency o is fixed, the permittivity € is a function of the
plasma density n and hence that a means of detecting
the change in permittivity as the plasma decays for a
fixed frequency of excitation will provide a measure of
the plasma density that existed when decay began.
Furthermore, if cavity 10 is at all substantial in size, 1t
will exhibit a number of resonant modes at any given
frequency in the microwave region. This requires only
a characteristic cavity dimension of least 3—4 freespace
wavelengths of the exciting frequency. If cavity 10 1s
subject to a static magnetic field B, then the exciting
angular frequency must be greater than the electron
cyclotron angular frequency which is given by (eB)/m.
As the permittivity varies with varying plasma density,
the cavity will repeatedly become resonant and then
depart from resonance at the given frequency of excita-
tion. Referring to FIG. 1, the result for a microwave
source 14 of fixed frequency and amplitude will be a
variation in the amount of microwave signal received
by receiving antenna 16. Some of the resonances
through which the system passes in cavity 10 will pro-
duce relative peaks at detector 18, each of such peaks
producing an increasing signal input to preamplifier 20
and hence at the output of sample-and-hold unit 22. In
general, not all resonant modes will be observed under
any given set of measuring conditions, but the detected
peaks will include those modes that are coupled to the
detector. The response of the individual components of
minimax detéctor. 6 has been described earlier. The
effect of this response is to cause a change from low to
high in the output of flip-flop 44 of FIG. 2 whenever
there is a peak in the output signal from analog-to-digi-
tal converter 24. These peaks are counted both digi-
tally and on an analog basis. Ditigal counting is effected
in counter 56 which produces a count of the number of
peaks through which the resonance has passed while
plasma 12 decays and goes out. This count 1s displayed
on digital display 58. Charge pump 54 is a conventional
Integrating circuit comprising an operational amplifier
59 with an integrating capacitor 70. The output of

flip-flop 44 is brought to charge pump 54 through cou-

pling capacitor 72 and is applied across diode 64. The
signal 1s coupled to operational amplifier 59 through
diode 76. The combination comprises an integrator on
the positive-going output of flip-flop 44, producing an
analog output for display on analog indicator §5 that 1s
proportional to the number of output pulses from flip-
flop 44.

FIG. 3 1s a rcproductlon of a photograph of a sct of
oscillogram traces illustrating the information obtained
from the apparatus-of FIGS. 1 and 2 during the decay
of a plasma. In FIG. 3 curve 60 is the output-of a Lang-
muir probe, which was obtained as a comparison refer-
ence over the approximately 2 milliseconds of decay
shown in FIG. 3. Curve 62 is an oscillogram of the
analog output obtained from the circuit of FIGS. 1 and
2 and curve 64 is a display of the modc changes

through which the cavity passed as the plasma decayed,
obtained at the output of preamplifier 20. The curves
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shown here were obtained in a tcreldal cavity havmg

aluminum walls and an internal volume of 3 X 10° cubic

~centimeters. The microwave source was a klystron

delivering apprcmmately 10 mW at 25 GHz. Electro-—._

- magnetic energy was coupled through a hole in the

cavity wall. A hole located at the opposite side of the
toroid from the input hole- coupled energy to a 1N26

" microwave diode which served as a microwave detec--

tor. A plasma was preduced in-the tOI‘Old by electron

cyclotron resonance heating using a high- power pulsed
- magnetron. The afterglow of this plasma was measured

when the magnetron was tumed off to produce the
results shown in FIG. 3. R , -

~ The system was compared w1th the results obtained
from a. Langmmr probe over a range of p]asma densi-
‘ties ccmpnsmg nearly two decades. These results are

~shown in FIG. 4, which is a log-log plot of the density

- obtained using the apparatus of FIGS. 1 and 2 as an
absmssa and the density determined by a Langmuu'
probe as. the erdmate In FIG. 4 the values obtained for
plasma densuy by use of a Langmuir probe are taken as
correct .and the uncertainty in measurement is indi-
cated as the range of the vertical lines through each of
‘the observed points. Values were obtained for plasma
densities ranging from 3 X 10° particles per cubic centi-
meter to almost-1 X 10' particles per cubic centimeter.
Over this observed range the agreement is seen to be
within about a factor of 2. |

- The: basis of both operation and calibration cf the
apparatus in FIGS. 1 and 2 is obtained from a perturba-
tion of the expression for permittivity given above. This
1s -obtained as follows. Since n = niw? (¢, — €)/e?, and
since to a first order of approximation the:permittivity
of the plasma is approximately equal to’that of free
space it follows that the variation of the dens:ty n is
given by the following expressmn ‘Varn = 2¢, mw/e*
Var w. This relates the variation in density to the varia-
tion in frequency and hence identifies the number of
modes that will be detected by the detector as the
plasma varies in density from an initial value to zero.
The average mode spacing to be expected is deter-
mined by sweeping the frequency of the microwave
source when applied to the cavity without a plasma
therein. The density to be measured must be large
enough to shift through many modes and yet small
enough to permit the application of perturbation the-
ory. This can be expressed in terms of measurable
properties as follows:

l /Q{{mp'!/mﬂ-::‘{f I
where Q is the Q of the unloaded cavity, w 1s the excit-
ing frequency, and w, is the plasma resonant frequency
given by the expression w,% = ne?/me,. This expression
and all those containing a quantity w refer in the cus-
tomary fashion to the radian frequency of the appropri-
ate source or resonance. The criterion chosen in the
application of the present apparatus to detecting mode
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C_allbra'tien of the subject apparatus requires a micro-
wave source of variable frequency in the range in which
measurements are ‘to be ‘made and also a means  of
determining the frequency at a particular time. The
modes are counted: usmg the equipment of FIGS. 1 and

2 with no plasma 12 in cavity 10 and with a known

variable frequency of microwave source 14. Reference
to an observed tabulation of modes vs. frequency pro-
vides a method of developing a corresponding associa-

‘tion of modes- vs. density through the variational ex-

pression described above. Once the calibration is ef-
fected, the simpler single-frequency source is again
used as microwave source 14.. ,

It should be evident that the circuit of FIGS. 1 and 2
was arbitrarily set’up to respond to peaks of the de-
tected cavity modes and to generate positive signals
therefrom. The circuit could equally as well be used to
respond to local minima by reversing the output con-
nections from NAND gates 42 and 46 to the clear and
preset inputs of:flip-flop 44 by connecting first NAND

- gate 42 to the preset input and second NAND gate 46
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changes was to assume that a mode exists if the detec-

tor response passes through a local maximum as a func- 60

tion of frequency during calibration or as a function of
time during the decay of a plasma. The particular com-

bination of equipment used was a conventional seven-
bit successive-approximation analog-to-digital con-
verter. The conversion time achieved was of the order
of 350 nsec. Since it takes at least 3 points to detect a

peak unambiguously, the narrowest peaks detected
were of the order of 1 microsecond.

65

to the clear input to flip-flop 44. Positive-going signals
can be obtained in either configuration by taking as an
output the Q terminal of flip-flop 44. This would neces-
sitate reversing the polarities: of diodes 74 and 76.
These are routine changes that would have no effect
upon the principles of operation. :

The embodiments of the invention in ‘WhICh an exclu-
sive preperty or privilege is claimed are defined as

“follows: .

1.. A method of determmmg the spat:ally averaged
density of a plasma in.an. enclosure comprising the
steps of:.. , , o e

a. generating an r-f s:gnal aL a known frequency,

b coupling the-r-f ;SEgnal into, the’ enclosure at a first
Clocation; 0 ik e e -

- C. detectlng the r—f sngnal at a seccnd locatlcn dlstmct
from the first location;

d. permitting the plasma to decay to a ncutral gas;
and .

e. counting digitally the number of maxima of the
detected r-f signal, which number of maxima
equals the number of resonant cavity modes de-
tected as being excited in the enclosure and hence
provides a measure of the spatially averaged den-
sity of the plasma in the enclosure.

2. An apparatus for determining the density of a

plasma in a microwave cavity comprising: |

a. a microwave source connected to the cavity to
radiate microwave energy therein;

b. a recewmg antenna connected to the cawty and
responsive to microwave energy therein; |

~C. a detector connected to the antenna and respon-
sive to electrical signals therein to detect the mi-

crowave energy and generate therefrom an output
ccrrespondmg to the amplitude of said detected

microwave encrgy;

d. a prcamplifier connected to said detector and
responsive thercto to amplify the output of said
detector to produce an amplified output;

€. a minimax detector connected to said prcamplifier
and responsive thercto to preducc an output pro-
portional to the number of maxima in the amplificd
output from the preamplifier; and

f. display means connected to the minimax detector
and responsive thereto to dlqplay the number of
maxima detected by the minimax detector, which
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7
number of maxima i1s a measure of the density of
. the plasma in the microwave cavity. |
3. The apparatus of claim 2 wherem the minimax

detector comprises:
a. a sample-and-hold unit connected to the preampli-

fier and re‘sPonsive thereto to generate an electrical
signal that is a step approxxmatlon to the output of
the preamplifier; |

b. an analog-to-digital converter connected to the
-sample-and-hold unit and generating therefrom a
digital equivalent signal and an end-of-conversion
(EOC) signal;

c. a first delay unit connected to the analog-to-digital
converter and receiving therefrom the end of con-

version signal to generate therefrom a first delayed

- EOC signal; - _
d. a second delay unit connected to the first delay

unit and generating therefrom a second delayed

EOC signal;

e. a third delay unit connected to the second delay
unit and responsive to the second delayed signal to
generate therefrom a third delayed EOC signal;

f. a latch connected to the analog-to-digital converter
to receive therefrom the digital equivalent signal as
an input and generating a latch output signal;

g. an up-down counter connected to the latch and to
the third time delay unit to receive a load signal
from the third time delay unit and to receive as an
input the latch output signal;

h. a comparator connected to the up-down counter
and the analog-to-digital converter and receiving a

~ count signal from the up-down counter and a digi-
tal equivalent signal from the analog-to-digital con-
verter for comparison;

i a first AND gate connected to the first time delay,
the comparator, and the up-down counter and
‘responsive to the signals from the first time delay
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8

and the comparator to provide an up-count as an
output; |
j. a second AND gate connected to the comparator,

the first time delay and the up-down counter and
responsive to the signals from the first time delay

and the comparator to produce a down count for
input to the up-down counter,

k. a first NAND gate connected to the second time
delay unit and to the comparator to produce there-
from an increase signal,

1. a second NAND gate connected to the comparator
and to the second time delay unit to produce there-

from a decreasing signal;
m. a third NAND gate connected to the first and

second NAND gates and responsive to the outputs
therefrom to produce a clock input to the latch;

n. a flip-flop connected to the first and second

NAND gates and receiving as a clear input the
output of the first NAND gate, the flip-flop receiv-
ing as a pulse input the output of the second NAND
gate, the flip-flop generating therefrom an output
pulse, which output pulse changes in sign for each
change from minimum to maximum of the minimax
detector.

4. The apparatus of claim 2 wherein the diSley unit
comprises a counter connected to the minimax unit and
responsive thereto to count pulses therefrom, and a
digital display unit connected to the counter to dlSplay
the count of pulses obtained theremn.

5. The apparatus of claim 2 wherein the display unit
comprises a charge pump connected to the output of
the minimax detector and responsive thereto to gener-
ate an electrical voltage that is proportional to the
number of pulses received from the minimax detector;
and an analog indicator connected to the charge pump
to prowde therefrom an analog display of the count of

minima and maxima detected.
k ok Kk Kk k
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